A basic two-pole bandpass filter based on the dual-mode square patch resonator is presented and analyzed to realize generalized frequency responses in terms of two finite transmission zeros (FTZs). The feeding lines of the dual-mode filter are deviated from the center position of the patch resonator to realize different strength of main coupling paths. And then, a novel four-pole patch bandpass filter based on a multilayer dual-mode structure is proposed and analyzed in detail. The input and output ports are designed on the upper substrate layer. The lower dual-mode patch resonator is coupled to the upper one using four coupling apertures in the middle metal layer. The multilayer dual-mode patch filter can be modeled by a dual-extended doublet scheme with source-load coupling. Generalized frequency responses in terms of four FTZs can be achieved. Several design examples using the proposed multilayer dual-mode patch filter are presented to illustrate the high degree of flexibility of FTZs. To verify the proposed structure, two examples were fabricated and measured. The measured results agree well with simulated ones.
I. INTRODUCTION
Microstrip bandpass filters (BPFs) are widely studied and used in the model RF/microwave circuits and systems [1] - [6] . Compared with the microstrip line-based resonators [1] , [2] , microstrip patch resonators have the advantages of lower insertion loss and higher power handling [3] . Therefore, patch resonators appear more attractive for bandpass filter's applications [3] - [6] .
Generally, patch BPFs can be designed using arbitrary shape of patch resonator (such as square, circular, triangular resonators, and so on), but the square and circular patch resonators are more desired to be used because they can support dual-mode characteristics [7] - [11] . A dual-mode patch resonator can realize a quasi-elliptic filtering response with two transmission poles (TPs) and two finite transmission zeros (FTZs), which is more advanced than the filter using two coupled single-mode patch resonators. However, the size of a traditional dual-mode patch resonator may be large for application. To reduce the sizes of dual-mode patch filters, slots on the metal surface of patch resonator can be employed [8] , [9] . And larger sizes of slots can achieve smaller size of The associate editor coordinating the review of this manuscript and approving it for publication was Nagendra Prasad Pathak. patch filter, but the slots deteriorate the unload quality (Q u ) factor of patch resonators due to the radiation loss increased.
To realize higher performance of bandpass filters, two or more dual-mode patch resonators can be cascaded to design higher-order filters [7] , [12] - [14] . However, the sizes of them are large. Except for the dual-mode patch filter, triplemode patch resonators are also researched to design sizereduced filters [15] - [18] . In [15] - [17] , triple-mode patch filters are proposed, but they have poor selectivity because no FTZ is produced. In [18] , we propose a new triplemode patch filter, which can realize high selectivity because three FTZs are produced. Besides, multiple-mode characteristics of patch resonators are studied to design size-reduced dual-band bandpass filters [19] , [20] . However, bandwidth and center frequency can hardly be controlled independently The multilayer structure can provide an acceptable approach to realize high-performance bandpass filters, including substrate integrated waveguide filters [21] - [23] and microstrip patch filters [24] , [25] . To our best knowledge, there are only a few literatures that report multilayer patch filters [24] , [25] . Multilayer patch filters with independently controllable dual-band filter can be achieved [24] , [25] . Moreover, without literature reports microstrip patch bandpass filter with realization of generalized frequency responses VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ based on one physic structure. Bandpass filters with generalized frequency responses can provide a great flexibility for applications [26] - [29] .
In this paper, a basic two-pole dual-mode patch bandpass filter with a revised feeding structure is presented and analyzed. Flexible frequency responses in terms of two FTZs based on a dual-mode patch resonator are realized for the first time. And then, a novel multilayer dual-mode patch bandpass filter in dual-extended doublet coupling scheme is proposed and analyzed. Generalized frequency responses in terms of four FTZs can be realized based on one physical structure with changing its structure parameters. Several design examples using the proposed multilayer dual-mode patch filter are presented to illustrate the high degree of flexibility of four FTZs. To verify the proposed structure, two four-pole dualmode patch filters with the center frequency of 3.5 GHz were fabricated and measured. This paper is organized as follows. In Section II, a dualmode patch filter with flexible frequency responses is presented and analyzed in detail. In Section III, a multilayer dual-mode patch filter is proposed and analyzed, and then, several design examples are presented to illustrate the flexible responses. In Section IV, two design examples are fabricated and measured. Finally, a conclusion is given in Section V.
II. ANALYSIS OF THE TWO-POLE DUAL-MODE PATCH FILTER
A. THE PROPOSED DUAL-MODE PATCH FILTER Fig. 1(a) shows the layout of the proposed dual-mode square patch bandpass filter with one perturbation slot, which can be etched on the direction of the diagonal line T1T2 or P1P2. The proposed dual-mode patch filer is different from the traditional dual-mode patch filter because the input and output (IO) feeding lines of the proposed patch filter can be deviated from the center position of resonator to realize different strength of main coupling paths. The deviated distance is denoted by D in . And the proposed patch filter is symmetrical about the diagonal line P1P2. The dual-mode patch filter can be modeled by a doublet coupling scheme with source-load (S-L) coupling, as shown in Fig. 1(b) .
The top and bottom metal layers of the square patch resonator can be considered as the perfect electric walls, and the remaining sides can be considered as the perfect magnetic walls. The side length is denoted by Le. The electromagnetic (EM) field fields inside the square patch resonator can be expanded in terms of TM mn0 modes:
where A mn represents the mode amplitude, ω is the angular frequency, and ε eff is the permittivity in side of the patch resonator. The patch cavity has an infinite number of resonant modes. And the first pair of degenerate modes TM 100 and TM 010 are employed to design the proposed patch filter. The resonant frequencies of the two modes can be approximatively calculated with neglecting the effect of fringe electric field:
When the patch resonator has a small perturbation slot, the EM filed distributions of the dual modes TM 100 and TM 010 have the characteristic of diagonal distributions. And the two perturbed modes are denoted by modes A and B, as shown in Fig. 2 . The resonances of the two modes A and B are denoted by f 1 and f 2 , respectively. The current distributions of the two modes are shown in Fig. 2 (b) and Fig. 2(c) . When the slot is along the diagonal line T1T2, it has an effect on the mode A while the mode B is almost constant, which results in f 1 < f 2 . When the slot is along the diagonal line P1P2, it has an effect on the mode B while the mode A is almost constant, which results in f 2 < f 1 . The relationship between location of perturbation slot and resonant frequencies has been summarized in table 1. As shown in Fig. 2 (a), the electric distributions of mode A have in-phase at the input and output ports, which can provide two positive main coupling paths S-1 and 1-L. As shown in Fig. 2(c) , the electric distributions of mode B have out-ofphase at the input and output ports, which can provide one negative main coupling path 2-L. Because the taped lines directly excite the patch resonator, the dc can be propagated. Moreover, the higher-order modes in the patch resonator can also be excited to propagate EM energy from input port to output port. Therefore, the evanescent fields of the dc and higher-order modes can provide an equivalent S-L coupling, and the sign of S-L coupling is negative which is similar to the case of filters in [18] , [26] .
B. EXTRACTED EXTERNAL QUALITY FACTORS AND S-L COUPLING
As shown in Fig. 1(a) , the slots with parameters L in and g 1 as well as the deviated distance D in are employed to vary the external quality factors (Q e ). The single port structure is used to extract Q e , which can be calculated [1] :
where ω 0 is the resonance and the ω ±90 • is determined from the resonance at which the phase shift ±90 • with respect to the absolute phase at ω 0 . The extracted Q e of the two modes are presented in Fig. 3 . When D in = 0, the two Q e are almost equal for the symmetry of the dual modes A and B. Therefore, the traditional dualmode patch filter can only realize a two-pole response with FTZs at both sides of passband, and the locations of the two FTZs cannot be controlled. In our design, the two Q e can be further controlled by changing the deviated distance of IO feeding lines, i.e., parameter D in . When D in >0, the Q e of mode A is larger than that of mode B, i.e., M S1 < M S2 ; when D in <0, the Q e of mode A is smaller than that of mode B, i.e., M S1 > M S2 . Thus, flexible frequency responses in terms of two FTZs may be realized using the proposed dualmode patch filter with doublet coupling scheme with S-L coupling [2] . The strength of equivalent S-L coupling is extracted and presented in Fig. 4 . The simulation software and substrate used in this paper are the HFSS and the substrate of Rogers 5880 with a relative dielectric constant of 2.2 (thickness of 0.508 mm and loss tangent of 0.0009), respectively.
C. DUAL-MODE PATCH FILTER WITH HIGH FLEXIBLE RESPONSES
The proposed two-pole dual-mode patch filter in Fig. 1 can realize high flexible responses. And four typical responses in terms of two FTZs can be classified, i.e., Type I: one lower stopband FTZ and one upper stopband FTZ, Type II: two lower stopband FTZs, Type III: two upper stopband FTZs, and Type IV: two real-axis stopband FTZs.
For the response Type I, the controllability of two FTZs can also be realized, which cannot be achieved by the traditional dual-mode patch structures in [6] - [11] . To realize the response of Type I, the f 1 should be smaller than f 2 , i.e., the perturbation slot along the line T1T2. As shown in Fig. 5 (a), when the D in is increased, the first FTZ is close to the passband and the second FTZ is far away from the passband. When M S1 = M S2 , the two FTZs are symmetrical about the center frequency. The two FTZs can be controlled because the M S1 and M S2 can be changed by D in . An extra FTZ may be produced around at 4.9 GHz, which is attributed to the EM propagation by the higher-order modes.
To realize the response of Type II, the f 1 should be larger than f 2 , i.e., the perturbation slot along the line P1P2, and the M S1 > M S2 , i.e., D in <0. The simulated response with two lower stopband FTZs is presented in Fig. 5(b) . The two FTZs can also be controlled by the D in , which is similar to the response of Type I, and thus simulated responses against D in are not presented here. An extra FTZ at 4.89 GHZ is also produced by the higher-order modes. To realize the response of Type III, the f 1 should be larger than f 2 , and the M S1 < M S2 , i.e., D in >0. The simulated response with two upper stopband FTZs is presented in Fig. 5(b) . Based on the proposed dual-mode patch filter, two real-axis FTZs can also be achieved when f 1 > f 2 and M S1 = M S2 . Because the S-L coupling strength M SL is related to the two main coupling M S1 and M S1 , the two real-axis stopband FTZs cannot be close to the passband arbitrarily. The simulated response with two real-axis stopband FTZs is also presented in Fig. 5 
(b).
Flexible responses with two controllable FTZs based on the proposed two-pole dual-mode patch filter are presented and analyzed in detail above, and the four-type responses with basic relationships between different physical structure parameters are summarized in table 2.
III. ANALYSIS OF THE MULTILAYER FOUR-POLE DUAL-MODE PATCH FILTER AND DESIGN EXAMPLES
Based on the basic dual-mode patch filter in Fig. 1 , a novel multilayer four-pole BPF is proposed using two dual-mode patch resonators in this Section. The high flexible responses in terms of four FTZs are demonstrated in detail below. patch resonators. The side lengths of the upper and lower patch resonators are denoted by Le 1 and Le 2 , respectively. Electric Field distributions of modes A and B in the two patch resonators are shown in Fig. 2 . The proposed multilayer dual-mode patch filter can be considered as the proposed two-pole dual-mode patch filter loaded by a new dual-mode square patch resonator. Thus, the proposed multilayer dualmode patch filter can be modeled by a dual-extended doublet coupling scheme with S-L coupling, as shown in Fig. 6(b) . The dual modes A and B in the upper patch resonator are denoted by nodes 1 and 2, respectively; the dual modes A and B in the upper patch resonator are denoted by nodes 3 and 4, respectively. The resonances of the four nodes are denoted by f 1 , f 2 , f 3 and f 4 , respectively. The layout of top metal layer with IO feeding lines and one perturbation slot is shown in Fig. 6(c) , and the feeding structure is the same as the dual-mode patch filter in Fig. 1 above. The layout of middle metal layer with four square coupling apertures is shown in Fig. 6(d) , and the layout of bottom metal layer with one perturbation slot is shown in Fig. 6(e) . The two perturbation slots can also be designed at the diagonal lines T1T2 or/and P1P2. The lengths of the perturbation slots in the upper and lower metal layers are denoted by D U and D L , respectively.
As shown in Fig. 2 , the electric fields of mode A have the maximum density at two square coupling apertures along the diagonal line P1P2, in which the electric fields of mode B are almost null. Thus, the two coupling apertures with side lengths of D S2 along the line P1P2 can independently control the coupling path 1-3, i.e., the coupling coefficient M 13 . Similarly, the two coupling apertures with side lengths of D S1 along the line T1T2 can independently control the coupling path 2-4, i.e., the coupling coefficient M 24 . When D S2 = D S1 , the M 13 is equal to M 24 , in theory, which is because the mode A is the same as the mode B with rotating 90 deg. When D S2 is larger/smaller than D S1 , the coupling coefficient M 13 is larger/smaller than that of M 24 . The relationships among two coupled modes, coupling apertures and coupling coefficient are summarized, as shown in table 3. Due to the symmetry of modes A and B, the characteristic of denormalized coupling coefficient K 13 against D S2 is the same as that of denormalized coupling coefficient K 24 against D S1 , and the K 13 and K 24 are extracted and presented in Fig. 7 .
The proposed multilayer dual-mode path filter in dualextended doublet coupling scheme with S-L coupling can produce four FTZs. High flexible responses in terms of the locations of four FTZs can be achieved, and four-type responses can be classified, i.e., Type A: two lower and two upper stopband FTZs, Type B: three lower and one upper stopband FTZs, Type C: one lower and three upper stopband FTZs, and Type D: two real-axis FTZs and two imaginaryaxis FTZs.
B. RESPONSE WITH TWO LOWER AND TWO UPPER FTZs
To design the proposed multilayer dual-mode patch filter, the synthesis technique in [1] can be employed. The extracted Q e , coupling coefficients are presented in Fig. 3, 4 and 7 .
For the Type A, the coupling coefficients in Fig. 6 (b) have the relationships of M 11 > 0, M 22 < 0, M 33 < 0, Fig. 6(b) , the synthesized responses are also plotted in Fig. 8 for comparison with simulated responses. The synthesized and simulated responses are matched well. The corresponding CM is presented in the insertion in Fig. 8 . The first and fourth FTZs are generated by the upper dual-mode patch resonator with IO ports, i.e., the coupling paths S-1-L, S-2-L and S-L. The second and third FTZs are degenerated by the loaded dual-mode patch resonator, i.e., the two extended coupling paths 1-3 and 2-4.
To further investigate the controllability of the four FTZs, simulated responses against structure parameters D in , D S1 , D U and D L are presented in Fig. 9 . As shown in Fig. 9(a) , when the D in is increased, the first and fourth FTZs are moved to high-frequency direction, while the second and third FTZs are almost constant. As shown in Fig. 9(b) , when the D S1 is changed, the third and fourth FTZs are changed while the first and second FTZs are almost constant. As shown in Fig. 9(c) , the D U can be used to control the first, second and third FTZs. A shown in Fig. 9(d) , the D L can be used to control the second and fourth FTZs. Thus, the four FTZs of the proposed multilayer dual-mode patch filter can be controlled well.
C. RESPONSE WITH THREE LOWER AND ONE UPPER FTZs
The response of Type B is an asymmetric response, and the rejection level of the lower stopband is larger than that of the upper stopband because the lower stopband has more FTZs. To realize the response of Type B, the coupling coefficients have the relationships of M 11 < 0, M 22 > 0, M 33 > 0, M 44 < 0, |M 33 /M 11 | > 1, |M 44 /M 22 | > 1, M S1 > M S2 , and D S2 < D S1 . Therefore, the perturbation slots in the upper and lower patch resonators are along the diagonal lines P1P2 and T1T2, respectively. For the demonstration, an asymmetric response bandpass filter with three lower and one upper stopband FTZs was designed. The designed filter has the specifications of the f 0 of 3.5 GHz, bandwidth of 175 MHz (FBW of 5%), RL of 20 dB, and four FTZs with locations of 3.11, 3.33, 3.39 and 3.63 GHz. The four FTZs are normalized at −4.66i, −1.92i, −1.27i, and +1.55i in S-domain. Based on the equivalent coupling scheme in Fig. 6(b) , the synthesized responses are also plotted in Fig. 10 for comparison with the simulated response of Type B. The corresponding CM is presented in the insertion in Fig. 10 . The first and second FTZs are generated by the upper dual-mode patch resonator with IO ports. The third and fourth FTZs are degenerated by the loaded dual-mode patch resonator. 
D. RESPONSE WITH ONE LOWER AND THREE UPPER FTZs
The response of Type C is also an asymmetric response, but the rejection level of the upper stopband is larger than that of the lower stopband because the lower stopband has more FTZs. To realize the response of Type C, the relationships between M S1 and M S2 as well as M 13 and M 24 should be reversed based on the conditions of the Type B above, i.e., M S1 < M S2 and M 13 > M 24 , which mean D in > 0 and D S2 > D S1 . For the demonstration, an asymmetric response bandpass filter with one lower and three upper stopband FTZs was designed. The designed filter has the specifications of the f 0 of 3.5 GHz, bandwidth of 175 MHz (FBW of 5%), RL of 20 dB, and four FTZs with locations of 3.37, 3.63. 3.73 and 3.87 GHz. The four FTZs are normalized at −1.55i, +1.4i, +2.6i, and +4.12i in S-domain. The synthesized responses and simulated results are presented in Fig. 11 for comparison. The corresponding CM is presented in the insertion in Fig. 11 . The first and second FTZs are generated by the loaded dual-mode patch resonator. The third and fourth FTZs are degenerated by the upper dual-mode patch resonator with IO ports.
E. FLAT GROUP DELAY
For the first three-type responses, four FTZs are all on imaginary axis in S-domain, which are used to improve the selectivity of passband. For the fourth type, i.e., Type D, two real-axis FTZs can be employed to improve the degree of linearity of phase in passband to realize a flat group delay. For the Type D, there are two possible cases: the first one is that two real-axis FTZs are produced by the coupling paths S-1-L, S-2-L and S-L; the second one is that two realaxis FTZs are produced by the two extended coupling paths 1-3 and 2-4.
For the first case, denoted by Type D-I, the coupling coefficients have the relationships of M 11 < 0, M 22 > 0, M 33 > 0, M 44 < 0, |M 33 /M 11 | > 1, |M 44 /M 22 | > 1, which mean f 3 < f 2 < f 1 < f 4 . Therefore, the perturbation slots in the upper and lower dual-mode patch resonators are along the diagonal lines P1P2 and T1T2, respectively. To illustrate the mechanism of the produced FTZs, a design example with corresponding synthesized responses is presented in Fig. 12(a) . The designed filter has the specifications of the f 0 of 3.5 GHz, bandwidth of 175 MHz, RL of 20 dB, and four normalized FTZs at −3.25i, −1.45i, +1.45i, and +3.25i in S-domain. The response of Type D-I can be designed by a symmetrical response of Type A with changing the upper slot from the diagonal line T1T2 to the line P1P2. The first and fourth FTZs can be moved from imaginary axis to real axis in Sdomain, and the locations of the second and third FTZs are unchanged on the imaginary axis. The simulated group delay of the designed example of Type D-I is also compared with the synthesized group delay, as shown in Fig. 13(a) . The proposed dual-mode patch filter can realize a quasi-elliptic response with improving group delay. However, because the S-L coupling strength is limited using the parasitic couplings, the two real-axis FTZs cannot be moved to passband arbitrarily to improve the linearity of phase. Thus, the performance of flat group delay is limited based on the Type D-I. For the first case, denoted by Type D-II, can be employed. The coupling coefficients have relationships of M 11 > 0, M 22 < 0, M 33 > 0, M 44 < 0, |M 33 /M 11 | > 1,
Therefore, the perturbation slots in the upper and lower dual-mode patch resonators are all located at the line T1T2. For the demonstration, a design example with corresponding synthesized responses is presented in Fig. 12(b) . The designed filter has the specifications of the f 0 of 3.5 GHz, bandwidth of 150 MHz (FBW of 4.3%), RL of 20 dB, and four normalized FTZs at −3.25i, −1.45i, +1.45i, and +3.25i in S-domain. The two symmetrical real-axis FTZs produced by the loaded dualmode patch resonator are used to realize flat group delay. The simulated group delay is also compared with the synthesized ones, as shown in Fig. 13(b) . The group delay of S 21 in passband becomes very flat over approximately 80%. Thus, the Type D-II can also realize a quasi-elliptic linear-phase filtering function. Compared with the Type D-I, the two realaxis zeros can be moved to the passband arbitrarily, which is more suitable for the implementation of a filter with the flat group delay.
To design the proposed multilayer dual-mode patch filter conveniently, the four-type filtering responses with basic relationships between different physical structure parameters are summarized in table 4. 
IV. EXPERIMENTAL RESULTS
Because the upper patch resonator of the proposed four-pole multilayer dual-mode patch filter is the same as the twopole dual-mode patch filter, only multilayer dual-mode patch filters were fabricated and measured for the verification. Two filters with the responses of Type A and D-I, respectively, had been considered for the demonstration. The comparisons between measured and simulated results are presented below.
A. EXPERIMENTAL EXAMPLE I (FOUR IMAGINARY-AXIS FTZs)
The first experimental example based the Type A is a quasielliptic response with two lower and two upper stopband FTZs on imaginary axis in S-domain, and the simulated responses are shown in Fig. 8 above. The multilayer dualmode patch filter was fabricated and measured. As shown in Fig. 14, the measured and simulated results are presented and matched well. The measured f 0 , insertion loss (IL), RL and 1-dB bandwidth are 3.51 GHz, 1.35 dB, 16.42 dB and 168 MHz (FBW of 4.79%), respectively. Four FTZs are measured at the lower stopband (3.23 and 3.38 GHz) and upper stopband (3.65 and 3.78 GHz), respectively. The measured results have verified that the proposed multilayer dual-mode patch filter can achieve the response of Type A. The overall size of example I is about 29 mm×29 mm or 0.46λ g ×0.46λ g , where λ g is the guided wavelength of the center frequency of 3.5 GHz.
B. EXPERIMENTAL EXAMPLE II (FLAT GROUP DELAY)
The second experimental example based on the Type D-II is a quasi-elliptic linear-phase response with two real-axis and two imaginary-axis FTZs to realize flat group delay, and the simulated responses are shown in Fig. 12(b) and Fig. 13(b) above. The linear-phase response of the dual-mode patch filter was also fabricated and measured. As shown in Fig.15(a) , the measured and simulated S-parameters are presented and matched well. The measured f 0 , IL, RL and 1-dB bandwidth are 3.513 GHz, 1.85 dB, 16.57 dB and 161 MHz (FBW of 4.58%), respectively. Two imaginaryaxis FTZs are measured at 3.33 and 3.81 GHz, respectively. As shown in Fig.15(b) , the measured and simulated group delay are presented and matched well. The measured results have verified that the proposed multilayer dual-mode patch filter can achieve a flat group delay of S 21 in passband. The overall size of example II is about 29 mm×29 mm or 0.46λ g ×0.46λ g . It should be noted that the example II is the first time to realize a filter with quasi-elliptic linear-phase response using microstrip patch resonators.
Some comparisons with other reported filters using patch resonators are given in Table 5 . It can be seen that the proposed multilayer dual-mode patch filters have the merits of generalized frequency responses, controllable locations of FTZs and compact size. Compared with the dual-mode patch filters using two cascaded dual-mode patch filter [7] , the proposed filter in this paper has more FTZs and smaller size, and locations of FTZs of the proposed filter are easier to be controlled. Compared with triple-mode patch filters [15] - [17] , the proposed filter has the merits of generalized frequency responses and more FTZs.
V. CONCLUSION
A two-pole dual-mode patch BPF in doublet coupling scheme with generalized frequency responses is proposed and analyzed in detail. And then, a novel multilayer four-pole dualmode patch BPF in dual-extended doublet coupling scheme is proposed. Generalized frequency responses in terms of four FTZs are analyzed and demonstrated. Some design examples are presented, and two four-pole filters were fabricated and measured for the verification. The measured results are all in good agreement with the simulated predictions, which demonstrates the feasibility of the proposed dual-mode patch bandpass filters with generalized frequency responses. Moreover, the proposed multilayer dual-mode patch filter structure also has the merits of compact size, more FTZs and controllable FTZs. 
